[1] Recent work suggests that the patterns of intense (!category 3 on the Saffir-Simpson scale) hurricane strikes over the last few millennia might differ from that of overall hurricane activity during this period. Prior studies typically rely on assigning a threshold storm intensity required to produce a sedimentological overwash signal at a particular coastal site based on historical analogs. Here, we improve on this approach by presenting a new inverse-model technique that constrains the most likely wind speeds required to transport the maximum grain size within resultant storm deposits. As a case study, the technique is applied to event layers observed in sediments collected from a coastal sinkhole in northwestern Florida. We find that (1) simulated wind speeds for modern deposits are consistent with the intensities for historical hurricanes affecting the site, (2) all deposits throughout the $2500 year record are capable of being produced by hurricanes, and (3) a period of increased intense hurricane frequency is
Introduction
[2] The number of studies pertaining to tropical cyclone (called ''hurricane'' in the North Atlantic Ocean) proxies preserved within the geologic record have increased rapidly over the last two decades. This relatively new field of paleotempestology is fueled by a growing appreciation for the application of these records in hurricane risk assessments [e.g., Murnane et al., 2000; Nott, 2004; Elsner et al., 2008] and in identifying past long-term shifts in hurricane climatology [e.g., Mann et al., 2009] . Many studies have been conducted to extend the hurricane strike record at various locations in the western North Atlantic by identifying deposits in the sediment record left by hurricane storm surges and wave run-up Fearn, 1993, 2000; Donnelly et al., 2001a Donnelly et al., , 2001b Donnelly and Woodruff, 2007; Scileppi and Donnelly, 2007; Woodruff et al., 2008b; Boldt et al., 2010; Wallace and Anderson, 2010; Lane et al., 2011] . Other proxies of paleo-hurricane activity include extreme-precipitation events associated with hurricanes using 18 O records from speleothems [Malmquist, 1997; Frappier et al., 2007] and tree rings [Miller et al., 2006] ; increased river run-off and its effect on the growth and luminescence of coral [Lough, 2007; Nyberg et al., 2007] ; and coarse deposits interpreted as intense terrestrial flooding events [Noren et al., 2002; Besonen et al., 2008] . Together, these proxy records provide an increasing body of knowledge of paleohurricane history in the Gulf of Mexico and the Northwestern Atlantic Ocean.
[3] In prior work, past geologic reconstructions of tropical cyclone activity have mainly documented changes in the reoccurrence rates of hurricanes above some assumed threshold based on modern calibration. In addition to documenting event occurrences, grain size distributions within hurricane deposits also provide information on the intensity of flooding by past hurricane strikes [Woodruff et al., 2008b] . However, the overall flooding magnitude at a location is influenced by factors in addition to the storm intensity. For example, a category 1 storm that directly hits a site could produce a similar storm surge as a category 5 storm making landfall much farther away. Accurate methods for back-calculating hurricane wind speed from resultant deposits must therefore account for these uncertainties.
[4] In this study, we present a new $2500 year reconstruction of hurricane occurrences based on event-deposits preserved within a coastal sinkhole in western Florida. We use a series of nested modeling techniques to develop relationships between storm intensity and the maximum grain size that the resulting flows can carry to the site (i.e., transport competence). The obtained wind speed/transport competence relationship is then used to constrain the likely wind speed required to transport the maximum grain size observed within each individual deposit and to provide a reconstruction of hurricane intensity at the site.
Regional Setting and Site Description
[5] Spring Creek Pond (SCP), the coastal sinkhole considered in this study, is located $2.8 km inland from Apalachee Bay and is part of the Big Bend region of Florida's northwest coast ( Figure 1a ). The pond is nearly circular and has a diameter of $120 m. While much of the pond has an average depth of $1 m, the sinkhole itself is $15 m deep and has a diameter of $60 m (darker portion of water in Figure 1b ). The elevation of this freshwater pond is $2.75 m above mean sea level. Between the pond and the coast the relatively undeveloped terrain is lightly forested and gradually slopes seaward.
[6] Hurricanes commonly affect Apalachee Bay, with the eye of a hurricane currently passing within 93 km (50 nautical miles) of the site on average once every 13 years (NOAA/National Weather Service, available from http://www. nhc.noaa.gov/ climo/#returns). The bay is 400 km 2 in area, with an average submerged depth of 3 m [USEPA, 1999; Lane et al., 2011] , a topographic and bathymetric across-shore gradient of 1:5000 [Hine et al., 1988] , and an astronomical tidal range of 0.7 m [Lane et al., 2011 ; NOAA, available from http:// tidesandcurrents.noaa.gov].
Hurricane-induced flooding within the Bay is particularly destructive because its concave coastline focuses storm surge, the shallow bathymetric depth allows a larger surge to form, and the shallow topographic slope allows these surges to inundate great distances inland [Jelesnianski et al., 1992; Lane et al., 2011] .
[7] The underlying bedrock of the coast and coastal shelf of Apalachee Bay (and a large portion of Florida) is Eocene/Oligocene age limestone, emplaced when the area was submerged beneath a shallow sea [Hine et al., 1988; Wright et al., 2005 ]. Today's karst landscape is the result of dissolution of the limestone bedrock over millions of years. Sinkhole formation is an ongoing process and readily occurs in the saltwater/freshwater coastal mixing zone [Randazzo and Jones, 1997] . During the Miocene, another time when this area was submerged, quartz sands from the erosion of the Appalachian Mountains were overlain on the limestone bedrock [Hine et al., 1988] . Today, this sand is available for mobilization by hurricane storm surge and deposition in sinkhole ponds. Many of these ponds are deep and steep-sided thereby preventing remobilization of sediment after deposition.
[8] Mullet Pond, a sinkhole which was previously used in a paleotempest study [Lane et al., 2011] , lies $20 km to the south of SCP (Figure 1) . The authors reconstructed a $4500 year, decadally resolved, storm history of the area. This record was further analyzed for differences between ''low-threshold'' storm layers (i.e., the threshold above which most %coarse anomalies were identified as storm related) and ''high-threshold'' storm layers (storms which left deposits exceeding the highest %coarse anomaly left by a historic storm, in this case, Hurricane Elena in 1985 Common Era (C.E.)). Little variability was observed in lowthreshold deposits at 95% confidence, but highthreshold deposits show periods of increased storm activity $3800 calibrated years before present (B.P.) ($300 year period), $3550 years B.P. ($100 year period), $3300 years B.P. ($100 year period), 2800-2300 years B.P., 1200 years B.P. (50-100 year period), 900 years B.P. ($50 year period), 700 years B.P. ($100 year period) and decreased activity around 1800, 1650, 350, and 150 years B.P. This finding is somewhat different from earlier findings by Liu and Fearn [2000] for Western Lake located $150 km to the west. Results from Western Lake show a drop in hurricane activity beginning $1000 years ago [Liu and Fearn, 2000] , but this could be related to coastal barrier dynamics changing the sensitivity of the site to overwash [Otvos, 2001] . Additional records from the Apalachee region are nonetheless required to evaluate whether the patterns in overwash described by Lane et al. [2011] can be reproduced at nearby sites.
[9] Changes in relative sea level can greatly impact the occurrence of hurricane overwash at a site and therefore warrant consideration. Several studies have reconstructed sea-level curves for the Gulf of Mexico [Stapor et al., 1991; Tanner, 1992; Morton et al., 2000; Törnqvist et al., 2004; Wright et al., 2005; Donnelly and Giosan, 2008; Milliken et al., 2008] ; however, there is some disagreement among these results. Some authors propose that sea level has continuously risen throughout the Holocene, with the rate of sea-level rise decreasing over time [Otvos, 2001; Törnqvist et al., 2004; Wright et al., 2005; Donnelly and Giosan, 2008; Milliken et al., 2008] . Others have proposed more complicated sea-level curves which include sea level ''highstands'' or periods of time when sea level was higher than it is today [Stapor et al., 1991; Tanner, 1992; Morton et al., 2000; Blum et al., 2002] . Proponents of midHolocene highstands use geomorphic observations and radiocarbon data from beach ridges to support the idea that these features were formed by wave deposition, and due to their heights, must have been formed at a time of higher-than-present sea level. Donnelly and Giosan [2008] offer an alternative explanation, that these ridges were formed during times of increased storm activity in the Gulf of Mexico, which increased the overall wave climate, leading to construction and preservation of these ridges. Further, Lane et al. [2011] found no indication of open marine sequences within the sediments and foraminifera assemblages at Mullet Pond, which refutes a mid-Holocene highstand in sea level. We rely on the sea-level rise data of Wright et al. [2005] and Törnqvist et al. [2006] which indicates a continuously, nearly linear rising sea-level rate of $0.4 mm/yr for the region over the last $3000 years.
Methods

Field Work
[10] Spring Creek Pond was visited during a field campaign in November 2011. The site was initially surveyed with a hand-held depth sounder and subbottom sonar profiles operating at 10 kHz (although the presence of gas resulted in limited subbottom sonar penetration within sediments). To preserve the sediment-water interface an initial 306 cm surface drive was obtained using a modified Vohnout/Colinvaux piston corer (i.e., SCP D1), following methods similar to Donnelly and Woodruff [2007] . Core SCP D1 was followed with a deeper piston vibracore (i.e., SCP D2) extending from 138 to 443 cm below the sediment-water interface. Both cores were obtained from approximately the center of the sinkhole (30 5.892 Figure 1b) . These cores were then shipped to the University of Massachusetts Amherst where they were split, described, and stored at 4 C refrigeration.
Analysis of Sediment Cores
[11] X-radiograph images of SCP D1 and SCP D2 split cores were taken with an Itrax Core Scanner (Cox Analytical) at UMass Amherst [Croudace et al., 2006] . The images have a resolution of 200 mm per pixel. The black and white inverted X-radiographs reveal density variations in the core with siliciclastic sand layers appearing much lighter than the surrounding silty, highly organic sediments ( Figure 2a ).
[12] Sediment cores were analyzed at 1 cm intervals for percent coarse (%coarse) material, corresponding to the silt-sand transition (e.g., >63 mm). These subsamples were sieved wet in order to prevent the aggregation of finer particles by drying, with the percent water (%water) obtained from a separate subsample. The %water was calculated by measuring the mass of the initial sample, drying it in an oven at 100 C for 24 h, and then weighing it again to obtain the dry mass. To determine the %coarse, another subsample was weighed wet with the separate %water measurements used to calculate the corresponding dry mass for the sample. Samples were then wet sieved at 63 mm with organics removed with 6% H 2 O 2 at $60 C prior to analysis. Sediments retained in the 63 mm sieve were then dried in an oven at 100 C for 24 h, and weighed to obtain the mass of coarse material and the corresponding %coarse relative to its calculated dry mass.
[13] The grain size distribution of the >63 mm portion of samples was obtained using a digital image processing, particle size and shape analyzer (Retsch Technology Camsizer), with distributions adjusted to account for %fines in each sample (i.e., <63 mm) lost through initial sieving. Grain size results are presented for D 90, which is defined as the size for which 90% of all other grain sizes in a distribution are smaller than.
Radiometric Dating
[14] Cesium-137 ( 137 Cs) and lead-210 ( 210 Pb) were used to constrain modern deposition rates and the ages of historic storm deposits. The onset of 137 Cs in the sediment record is concurrent with the start of atmospheric nuclear weapons testing in 1954 C.E., with the peak in 137 Cs activity dating to 1963 C.E. [Pennington et al., 1973] Pb [Chen et al., 2004] from the total 210 Pb activity. Next, a best-fit linear regression of the logarithm of 210 Pb excess versus the depth in the sediment was calculated [Faure, 1986; Koide et al., 1973; Robbins and Edgington, 1975] Cs and 210 Pb using a Canberra GL2020R Low Energy Germanium Detector at the University of Massachusetts Amherst. Each $1.5-2.0 g dried sample was placed in a 6 cm diameter plastic jar and counted for 48-96 h.
137
Cs activities were computed spectroscopically using the 661.7 keV photopeak, 210 Pb activities were calculated using the 46.5 keV photopeak, and 214 Pb activities were obtained with the combined 74.8, 77.11, 87.3, 295.2, and 351 .9 keV photopeaks.
[15] Carbon-14 ( Cs derived age. Plant material at selected depths in the core was dated using Accelerator Mass Spectrometry (AMS) at the National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) in Woods Hole, MA (Table 1 ). All radiocarbon ages were converted to years before present (B.P.) using IntCal09 [Reimer , where ''present'' is defined as 1950 C.E. by convention. Anomalously old radiocarbon samples resulting in age reversals were excluded from the age chronology (see Table 1 ).
Numerical Modeling of Storm Inundation
[16] Numerical simulations were performed to constrain the range of hurricanes with the competence to transport the observed grain sizes into Spring Creek Pond under modern hurricane climatology. We then assume that this relationship provides a reasonable representation for the combination of storm characteristics (including wind speed, storm size, landfall location, intensity, forward translation speed, angle of approach, etc.), for hurricanes impacting the site prior to the instrumental record. To overcome restrictions associated with the limited number of historical overwash events affecting the site, we employed the model described by Emanuel et al. [2006] , and hereafter referred to as the MIT model. The MIT model is a coupled ocean-atmosphere, beta and advection hurricane model that generates a database of tropical cyclones that pass a set distance from a site under modern climatic conditions. In the MIT model, a synthetic storm is created by first generating a storm track (the location of the storm's eye with a temporal resolution of 6 h) using a combination of historical storm track data and a synthetic wind field that conforms to monthly climatological means. Then, the storm's intensity is allowed to change based on a deterministic, coupled atmosphere-ocean model driven by shear derived from the synthetic wind field, monthly means of upper-ocean thermal structure, and potential intensity (the theoretical maximum intensity that a storm can achieve given certain environmental factors; see Emanuel et al. [2004] ).
[17] The Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model [Jelesnianski et al., 1992] was used with the Apalachicola (APC) grid to evaluate storm surge at the coast near Spring Creak Pond for each storm simulation from the MIT model. The National Weather Service SLOSH model simulates coastal inundation by solving differential equations (using finitedifference methods) which govern fluid motion. The hurricane, which is the driving force of the fluid motion, is modeled as a time-varying surface wind field and pressure gradient body force [Jelesnianski et al., 1992] . Of the 10,000 storms generated by the MIT model, 152 produced storm surges at the coastal grid cell closest to Spring Creek Pond that met or exceeded the 2.75 m elevation required to inundate the Spring Creek site. SLOSH simulations of time-varying water-level at this cell were extracted for each of these 152 storms.
[18] Simulations of onshore inundation were performed using the Regional Ocean Modeling System (ROMS) [Warner et al., 2008] with a 2-D uniformly sloping grid and driven at its open boundary with water-level time series obtained from the 152 SLOSH simulations. ROMS is a numerical model that calculates the movement of water and sediment in various ocean and riverine environments [Warner et al., 2008] . It was used to model inundation at the Spring Creek site because it has a much finer horizontal resolution than the SLOSH model (10s of meters as opposed to 10s of kilometers for the SLOSH model) and is capable of resolving vertically varying flow fields, as well as resultant bottom shear stresses. While ROMS has the capability of creating a three-dimensional topography and bathymetry only a two-dimensional model was used here because of uncertainties associated with changing shoreline shape due to sea level rise over the course of the Holocene [Stapor et al., 1991; Morton et al., 2000; Törnqvist et al., 2004; Wright et al., 2005] . The coastline at the site is therefore not known over the later Holocene in the detail needed to warrant the use of a threedimensional model.
[19] The landscape between the field site and the coast was modeled with a constant slope of 9.24 Â 10 À4 (as measured using USGS digital elevation models), and a constant quadratic drag coefficient of 0.0025. This drag coefficient was chosen from Dukhovskoy and Morey, 2011] , and adjusted such that water levels reached, but did not exceed, Spring Creek Pond during the event (an observation consistent with first-hand accounts by local residents during the event). The ROMS model was given a horizontal resolution of 88 m and a vertical topographic resolution of 7.7 cm which were chosen as a balance between modeling speed and accuracy of results. The vertical resolution of the surge is variable such that there is higher resolution close to the bed and lower resolution closer to the water's surface [Warner et al., 2008] . Calculations were performed with a time step of 30 s with results saved at 20 min increments.
[20] Among its many outputs, ROMS calculates the bottom shear stress along the path of inundation at every time step. The maximum bottom shear stress at the grid cell corresponding to the field site was extracted and used in the Shields equation to calculate the competence for transport at the site:
where is the bottom shear stress, c is the nondimensional critical shields parameter, s is the density of the sediment (2650 kg/m 3 for quartz sand), w is the density of water (1000 kg/m 3 ), g is the acceleration due to gravity, and D 90 is taken as the maximum grain size that can be mobilized by the flow [Soulsby, 1997] . Here, we use a value of 0.047 for c [Meyer-Peter and M€ uller, 1948; Julien and Wargadalam, 1995; Tjerry and Fredsïe, 2005] . When combined, derived competence for transport for each of the 152 synthetic storms provides a relationship between the D 90 grain size measured in deposits at SCP and the most likely hurricane intensity responsible for each deposit, with data dispersion constraining the uncertainty in this relationship.
[21] The distance between the coast and the site has likely decreased over the last few millennia as a result of sea-level rise. This leads to an increase in the sensitivity of the site to storm overwash and the maximum grain size advected to the site toward present. To account for these changes, the relationship between D 90 grain size and wind speed is derived at the grid cell correlating to the elevation of the site above sea level at the time of deposition for each deposit within the Spring Creek Pond reconstruction. The data from Wright et al. (Figure 3 ). Since the vertical topographic resolution is 7.7 cm, the virtual site was moved to the next up-slope grid cell every 7.7 cm/0.04 cm/ yr ¼ 192.5 years, which is equivalent to a sea-level fall from the present to the past.
Results
Sediment Chronology
[22] The age model for SCP D1 and SCP D2 is presented in Figure 4 . The combined SCP record extends to a depth of 443 cm which corresponds to a maximum age of $2580 years B.P. The 14 C data indicate that prior to $600 years B.P., the sedimentation rate varied between 0.08 and 0.13 cm/yr. This rate increased to 0.31 cm/yr between $600 and $400 years B.P. and again to a rate of 0.38 cm/yr between $400 and À4 year B.P. (1954 C.E.) . The latter rate was calculated using the average age of the oldest 2-range (leftmost gray box in Figure 4 ) for the topmost 14 C date. If the average age had been used like in the previous calculations, then the deposition rates would be 0.18 cm/yr between $600 and $400 years B.P. and 0.63 cm/yr between $400 and À4 years B.P., which are inconsistent with the deposition rates derived from the deeper radiocarbon dates as well as the historical deposition rates of 0.21-0.25 cm/yr based on peak in 137 Cs was not observed within SCP, potentially due to the disruption of surficial sediments during extraction and transport.
Sedimentology
[23] Combined X-radiograph images and grain size data from SCP D1 and SCP D2 are presented in Figure 2 , with Figure 5 showing data for the historic part of the sediment record. With few exceptions, significant peaks in %coarse correspond to peaks in D 90 (Figures 2b and 2c ) and light-colored (dense) deposits in the X-radiograph (Figure 2a) , a finding consistent with past observations of hurricane-induced deposition within coastal marshes [e.g., Boldt et al., 2010] . In total, 34 dense 1852, 1894, 1926, 1929, and 1941 C.E. Unfortunately, it is not known if these five deposits correspond to the five historical deposits seen in the Spring Creek record due to the temporal uncertainty of the emplacement of our deposits. An additional deposit was observed in the Lane et al. [2011] reconstruction following 1954 C.E. which potentially correlates to Hurricane Elena in 1985. This deposit is absent from the surficial sediments of the SCP core most likely due to disruption during transport of the core to UMass Amherst, as evidenced by a lack of the 1963 peak in 137 Cs in surficial SCP sediments.
[24] D 90 grain sizes and %coarse for storm layers delineated at SCP range from 0.13 to 1.62 mm and 22-99%, respectively. Background (nonstorm layer) material has D 90 grain sizes ranging from <0.063 mm (the grain size at which the samples were sieved for %coarse) to 0.207 mm and %coarse ranging from 0 to 37.0%. While most of the inundation layers have grain sizes ranging from very fine-grained to medium-grained sand, a particularly prominent layer, centered at 223.5 cm depth, has very coarse grains (D 90 ¼ 1.62 mm). A piece of a shell and some coral pieces were seen within this layer at 222.5 and 223.5 cm depth, supporting a marine origin.
Constraining Storm Wind Speed
[25] On the basis of bottom shear stresses derived from ROMS simulations for the 152 simulated storms with surge elevations >2.5 m at the coast, 80 are capable of transporting sand-sized (!0.063 mm) particles to Spring Creek Pond. Figure 6 plots the maximum wind speed at landfall for these 80 storms against the maximum grain size mobilized by each simulated event. When plotted together, the maximum wind speed (V max ) and surge grain size competence of transport (D) show an exponential relationship:
where m and b are the slope (0.01) and y-intercept (À1.8) of the linear regression of a log-log plot of the data, respectively.
[26] Error bars presented in Figure 6 point to the range of storm intensities capable of transporting sediments of a given grain size, with scatter in the data pointing to the other storm characteristics in addition to peak wind speed at landfall also influencing the magnitude of local flooding (e.g., landfall location in relation to the site, storm size, forward translation speed, and angle of approach). Despite these other factors, a majority of the variance in grain size for deposits at the site (72%) can be explained by the landfall wind speed alone.
[27] To assess the accuracy of the inverse model, we compare derived wind speeds for the five inundation deposits that occur during historic time to the measured landfall wind speeds of historic storms from the best-track data set. Modern storms considered to potentially affect the site are defined as those in the NOAA best-track data set [Landsea et al., 2004] , which passed within 150 km of the site at hurricane strength (wind speeds !119 km/h or 74 mph). The timing and derived wind speeds for the inundation deposits falls within the range of measured landfall wind speeds for these historic hurricanes. Therefore, the model generally reproduces the intensities of historical hurricanes affecting the site, providing support for applying the technique to prehistoric deposits at Spring Creek Pond.
[28] In the Northern Hemisphere, the front right quadrant of a hurricane is often the most damaging because counter-clockwise rotational winds and storm motion are in the same direction and combine to generate the greatest wind speeds. According to the NOAA best track data set [Landsea et al., 2004] , 14 hurricanes passed within 150 km of the field site since 1851 C.E., five of which passed to the west (left) of SCP such that the most damaging front right quadrant of the storm impacted the site. Our sedimentary analysis also delineates five separate coarse deposits during this interval, a result similar to that from Mullet Pond by Lane et al. [2011] . However, as discussed previously, none of the deposits at SCP date to younger than 1954 C.E., which excludes one of the five hurricanes passing to the west of the site during the historical record. At least one of these event layers in SCP therefore reflects a hurricane passing to the east of SCP, such that the less severe front left quadrant impacted the site. Nonetheless, many of the more distal hurricanes that passed to the east of the site probably did not produce preserved deposits at SCP. This is likely one of the reasons our record does not capture all of the 14 historical hurricanes considered in Figure 7 .
[29] Further, the time period between many of these 14 hurricanes is often shorter than the temporal resolution of our sampling. A modern sedimentation rate of 0.25 cm/yr for SCP results in a temporal resolution of 4 yr/cm. Of the 14 hurricanes to pass within 150 km of the SCP site 11 form four groups of storms too close together to be resolved individually within the SCP core (1873, 1877, and 1880; two storms in 1886; 1894, 1898, and 1899; 1939 and 1941) , with storms in 1852 and 1966 passed to the east of SCP. Therefore, the five historical deposits observed at SCP generally correspond to the number of deposits we expected after accounting for limits associated with Colors also correspond to Saffir-Simpson category: blue ¼ category 1, green ¼ category 2, orange-¼ category 3, red ¼ category 4, and magenta ¼ category 5. Inset: A comparison between storms from the best-track data set (blue and yellow circles) and the wind speed calculated from the five historic (post-1850 C.E.) inundation deposits in the Spring Creek Pond record (green and orange circles). Vertical error bars denote the 1-error in wind speed and horizontal bars denote error in dating of the deposit associated with sampling interval and thickness of deposit. The size of the circle of the best-track storms denotes the landfall distance from the site with larger circles corresponding to a smaller distance. Yellow circles are storms whose right-front (stronger) quadrant struck Spring Creek Pond and blue circles are storms whose left-front (weaker) quadrant struck the site. 137 Cs age constraint is shown with the blue triangle.
temporal resolution and the intensity and landfall location of hurricanes impacting the site over the historical record.
Storm Frequency and Intensity
[30] The complete time series of inversely modeled wind speed for each coarse-grained deposit within the SCP reconstruction are presented in Figure 7 . Model results indicate that all deposits observed at the Spring Creek Pond site are capable of being produced by storms with hurricane strength winds. One storm was detected between $2500 and $1700 years B.P. (0.1 storms/century), 14 storms between $1700 and $600 years B.P.
(1.3 storms/century), and 19 storms between $600 years B.P. and the present (3.2 storms/century). Nearly all of the major hurricanes (category 3 or greater) seen in this record occur during the period of activity from $1700 to $600 years B.P. (10 major hurricanes or 0.91 major hurricanes/century) and only one occurs post-600 years B.P. (0.17 major hurricanes/century).
[31] The uniqueness of an anomalously coarse layer at 220 cm or $600 years B.P. (Figure 2 ) may indicate that it was formed by a process other than storm overwash. One possible origin of this unusually coarse deposit could be from a tsunami; however, this is unlikely due to the seismic stability of this area and its protection by Cuba and the Bahamas Platform from remotely generated tsunamis [Randazzo and Jones, 1997] . Another possible origin could be from heavy rainstorms transporting the surrounding sand into the pond. This scenario also seems unlikely since there is no evidence of surface flow to the pond and the surrounding lowrelief landscape is well drained through the surficial Miocene sands underlain by fairly permeable limestone topography [Puri and Vernon, 1964; Lane et al., 2011] . Further, shells within the $600 year B.P. layer point to a marine origin, while well-rounded sand grains in the deposit are indicative of beach material that has undergone some level of initial weathering by coastal processes. Additionally, inverse modeling results indicate that a hurricane of category 4 or 5 intensity is capable of producing the deposit. This result serves to highlight the significance of the exponential relationship between hurricane wind speed and competence of transport (i.e., Figure 6 ), with major hurricanes transporting grains of significantly greater sizes than less intense events. Wind speed estimates for the $600 year B.P. event are 272 6 40 km/h (169 6 25 mph). This is far greater than the intensity for historical hurricanes affect- 5. Discussion
Clustering of Storms Toward the Present
[32] A notable increase in the frequency of lower intensity hurricane events is observed following $600 years B.P., but the frequency of major hurricanes decreases during this same period. However, this increase in frequency is potentially an artifact due to (i) a change in sensitivity of the site to overwash due to rising sea level and (ii) greater undercounting of actual events prior to 600 years B.P. due to lower sedimentation rates. First, with rising sea level, the number of storms affecting the site should increase in recent centuries because the shoreline is moving closer to the site, decreasing the distance storm-induced floods must travel over land, as well as lowering the site's altitude above sea level. The sea level has risen $1 m over the time span covered by this record (calculated using the sea level curve from Donnelly and Giosan [2008] ), resulting in a lowering of the site from $3.75 to 2.75 m above sea level. This has consequently caused the shoreline to move $1 km closer to the site (calculated from USGS digital bathymetry maps) allowing storm surges to advect larger sediment grains to the site. Second, in addition to rising sea level leading to an actual increase in the number of storms affecting Spring Creek Pond, an increasing deposition rate can also lead to an apparent increase in their frequency due to biasing associated with under-counting events in sediments with significantly slower deposition rates [Woodruff et al., 2008a] . Figure 4 shows the 14 C,
210
Pb, and
137
Cs chronologies which reveal an increase in the deposition rate toward the modern age from an average of 1.0 mm/yr between $2500 years B.P. and 600 years B.P. (calculated with the 14 C ages) to an average of 2.9 mm/yr between 600 years B.P. and the present (averaging the deposition rates from the ages of the youngest two 14 C samples, the 1954 C.E. onset of 137 Cs, and the 210 Pb chronology). This allows more storms to appear individually because there is less time represented in each centimeter of sediment with many deposits older than 600 years B.P. possibly being amalgamations of two or more storms.
[33] An increase in sedimentation rate toward the present is common to lacustrine and lagoonal sediments along the Gulf of Mexico and the North Atlantic coasts due to increased connectivity of these systems to the sea as sea-level rises, resulting in an increase in the amount of marine sourced material introduced to these back-barrier environments [Donnelly and Bertness, 2001; Donnelly et al., 2004; Gehrels et al., 2005; Woodruff et al., 2008a] . Spring Creek Pond, however, is $3 km inland and is not part of a coastal marsh system. Therefore, we do not believe that sea-level rise has contributed to the increased sedimentation rate at this site. Additional explanations include increased production from eutrophication and the compaction of older sediments. The underlying cause of the increased rate of sedimentation remains unclear. However, due to their concurrent timing, the increase in frequency of low-intensity hurricane events following 600 years B.P. is at least in part governed by the three-fold increase in sedimentation rate in the most recent centuries. It is possible that the frequency of low-intensity hurricane landfalls at the site has also increased over this time period; however, biasing associated with changes in sedimentation make it difficult to assess the significance of any potential changes in the frequency of lower-intensity events during this most recent interval.
Changes in Major Hurricane Frequency
[34] Changes in the landfall frequency of all hurricane categories are difficult to assess at SCP due to significant changes in rates of sedimentation. Trends in intensity for higher magnitude events, however, show additional patterns less affected by undercounting biases associated with changes in sedimentation rate. This is because, (i) these events occur less frequently and can be better resolved in a record of lower temporal resolution and (ii) more intense storms transport larger sediment grain sizes such that the maximum grain size within any deposit that is an amalgamation of several storms of different intensities will register as the most intense of these flood events.
[35] In the SCP reconstruction, the frequency of major hurricane strikes decreases from 0.91 storms/century between $1700 and $600 years B.P. to 0.17 storms/century between $600 years B.P. and the present. This transition does not appear to be an artifact associated with an increase in sedimentation rate toward modern since the associated increase in temporal resolution should increase the number of deposits delineated in the record rather than decrease it. The drop in intense hurricane occurrences at 600 years B.P. is also inconsistent with increased sensitivity of the site to hurricane flooding from rising sea level. We therefore conclude that the decrease in the number of major hurricanes at $600 years B.P. represents a real drop in the frequency of these more intense events at SCP.
Paleoclimate Comparisons
[36] The size of the SCP sinkhole is relatively small which limits the applicability for a transect of cores when compared to the larger back-barrier lagoons and marsh environments commonly used in other paleotempestological reconstructions. Alternatively, single core reconstructions from a series of nearby sinkholes provide a viable substitute to multicore analyses from a larger individual back-barrier marsh or lagoonal site. This study benefits from the nearby sinkhole reconstruction of hurricane overwash by Lane et al. [2011] at Mullet Pond, with comparisons to the SCP record helping to circumvent limitations associated with a reconstruction derived from a single core location at a single site. No significant trends were observed within the Mullet Pond reconstruction with respect to the frequency of all hurricanes; however, similar to the SCP reconstruction the Mullet Pond record exhibits a notable increase in the number of major hurricanes between 1500 and 600 years B.P. (with peak activity $700 years B.P.), followed by a decrease in major hurricane activity between 600 years B.P. and present (Figures 8a and 8b) . Trends in the SCP reconstruction therefore help to verify the initial findings of Lane et al. [2011] and provide further support for significant variability in the frequency of major hurricanes impacting Apalachee Bay over the last few millennia.
[37] Previous sedimentary reconstructions have related changes in hurricane activity to variations in North Atlantic sea surface temperatures (SSTs), the El Niño/Southern Oscillation (ENSO), and the North Atlantic Oscillation (NAO) [e.g., Mann et al., 2009; Donnelly and Woodruff, 2007; Liu and Fearn, 2000] . For instance, Mann et al. [2009] suggest that periods of more frequent hurricane landfalls in the last 1500 years correlate to times of warmer Atlantic SSTs and more La Niña-like conditions. However, the active interval for intense hurricanes at Mullet and SCP ending at around 600 years B.P. is not predicted with the basin-wide statistical model of Mann et al. [2009] . This may indicate that variability in the Mullet Pond and SCP reconstructions represent changes more specific to the northeastern Gulf of Mexico, and in turn potentially forced by more regional forms of environmental change.
[38] Alternatively, discrepancies between the combined SCP/Mullet Pond reconstructions and the Mann et al. [2009] proxy record may indicate that other factors in addition to SST, ENSO, and the NAO are more dominant drivers of past changes in hurricane activity in the Gulf of Mexico. For instance, a better metric for the stability of the free troposphere, which in part governs the theoretical maximum wind speed that hurricanes can attain, is described by the difference between SST and temperature of the upper troposphere relative to SST rather than absolute SST alone [Emanuel, 1986 [Emanuel, , 1988 . Further, SST is often assumed to represent the temperature of the upper ocean mixed layer; however, this SST proxy provides very little information regarding the depth of the mixed layer, which in part determines how quickly cooler water from below can be mixed to the surface during the passage of a hurricane [Emanuel et al., 2004] .
[39] It is possible that past variability in the position of the Loop Current in the Gulf of Mexico might explain regional changes in the frequency of intense hurricane landfalls represented by the SCP and Mullet Pond reconstructions [Lane and Donnelly, 2012] . The Loop Current is a surfaceocean current (part of the North Atlantic Western Boundary Current) that flows from the Caribbean Sea, northward through the Yucatan Channel into the Gulf of Mexico, loops to the east, and exits through the Florida Straits to join the Gulf Stream [Poore et al., 2003; Lund and Curry, 2004] . It is difficult to identify the Loop Current in the Gulf with SST alone; however, the importance of the Loop Current in controlling intense hurricane landfall frequency resides in how the current changes the Gulf's oceanic thermal structure rather than SST. In general, the mixed layer of ambient warm surface waters in the Gulf of Mexico has a relatively shallow average depth of 30-40 m [Chouinard et al., 1997] . As storms intensify, they quickly mix up cooler waters from below [Price, 1981; Sriver and Huber, 2007] , and this process limits further storm development [Emanuel et al., 2004] . In the Loop Current, however, the mixed layer can be as deep as 200 m below the surface providing several times more available energy to developing cyclones by limiting the role of storminduced upwelling [Goni and Trinanes, 2003 ].
[40] The deep, warm waters of the Loop Current occasionally meander northward into the eastern Gulf of Mexico and make a clockwise loop before exiting. These meanders periodically break off from the flow to form anticyclonic warm core eddies that propagate westward as they dissipate. The frequency of eddy formation and the extent to which the Loop Current penetrates into the Gulf is thought to be aperiodic on subdecadal time scales; however, lower-frequency variations in wind stress may drive periodicities on longer time scales [Richey et al., 2007] . The arrow indicates the drop in SST $1000 years B.P. identified by the authors. [Sturges and Leben, 2000] . The relative abundance of the foraminifer Globigerinoides sacculifer in marine cores taken from the Pigmy Basin in the northern Gulf has been offered as a proxy for the extent and/or frequency of Loop Current incursions into the Gulf [Poore et al., 2003 [Poore et al., , 2004 [Poore et al., , 2011 Richey et al., 2007] . Though not contemporaneous with regional SST cooling in Pigmy Basin at 1000 years B.P. as derived by Mg/Ca reconstructions, the significant decline in intense hurricane frequency occurring around 600 cal years B.P. at both SCP and Mullet Pond is concurrent with an abrupt decrease in G. sacculifer abundance at the Pigmy site [Richey et al., 2007] . The decline in G. sacculifer has been interpreted to reflect reduced advection of Caribbean surface waters into the Gulf of Mexico and a shoaling of the thermocline caused by a more southerly residence of the Loop Current [Poore et al., 2004] . A transition to less penetration of the Loop Current into the Gulf following 600 years B.P. would lower the ocean heat content available to tropical cyclones in the northeastern Gulf and might help to explain the 600 years B.P. drop in intense hurricane frequency observed both at SCP and Mullet Pond. Additional reconstructions are required, however, to confirm the hypothesized Loop Current proxy derived from Pigmy Basin.
Conclusions
[41] Sediments recovered from Spring Creek Pond, a coastal sinkhole located in northwest Florida, contain a $2500 year record of hurricane activity in this area. We identify and date 34 storms layers and analyze each for %coarse material and D 90 grain size. An inverse modeling technique is developed to constrain the landfall wind speed of the storms from the D 90 grain size of their resultant deposits. We find that (1) applying the inverse model to the sediment deposits from the historic (post-1851 C.E.) record results in landfall wind speeds that are consistent with storms reported in the best-track data set, (2) all deposits throughout the $2500 year record are capable of being produced by hurricanes, including a seemingly anomalous layer dated to 600 years B.P., and (3) the SCP time series of intense hurricane occurrence is consistent with a nearby reconstruction previously obtained from Mullet Pond, with both records indicating a period of increased intense hurricane frequency between $1700 and $600 years ago and decreased intense storm frequency from $2500 to $1700 and $600 years ago to the present. The variation in intense hurricane strike frequency, particularly the drop in of activity at 600 years B.P., is potentially the result of inferred shifts in Loop Current penetration into the Gulf of Mexico.
